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Abstract:
Neural tube development, which gives rise to the central nervous system, is vital to
embryonic development. Neural tube defects, like spina bifida, are serious and common
congenital defects which can result in life-long medical complications. Folic acid has been used
as a preventative measure for neural tube defects and has appeared to decrease the occurrences of
neural tube defects. However, the mechanism behind folic acid’s role in neural tube development
is unclear. Furthermore, some evidence suggests that ethanol decreases the levels of folates and
folate coenzymes in the fetal brain and downregulates folic acid metabolism genes. To better
understand the connections between ethanol, folic acid, and neural tube defects, we are using the
roundworm Caenorhabditis elegans as a model system. C. elegans are a good model system for
this study because despite lacking a neural tube, cellular processes involved in neural tube
development are conserved. Upon the introduction of ethanol to reproductive worms, my data
indicate there was an increase in the embryonic lethality and a decrease in the brood sizes of the
worms. We show that around the embryonic elongation stage some worm embryos born from
worms exposed to ethanol cease development. We also provide evidence that in these ethanol
exposed worms, cell migration of the endoderm may be affected but intestinal cell fate is not.
Through studying the movements of the cells during development we hope to be able to uncover
specific cellular events that are affected upon exposure to ethanol.
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Introduction
The process of neurulation is vital to the formation of our central nervous system. Our
understanding of the role of mechanisms in this process is important to preventing defects in
embryos. Folic acid and folate coenzymes are vital to the process of neurulation, providing the
developing neural tube with purines and pyrimidines, amino acids, the ability to synthesize
DNA, and the ability to methylate DNA and Proteins (Imbard et al, 2013). Ethanol can also
inhibit folate activity and folate coenzyme activity (Grewel et al, 2008; Arrone et al, 2008).
Because of this, there is reason to believe the consumption of ethanol around and after
conception could cause inhibition of folates, and in turn, defects in the development of the neural
tube.

Neural Tube Development
Neurulation is the process in which the cell and tissues of a developing embryo go
through a series of movements that result in the neural tube, which is the precursor for the spinal
cord and brain (Imbard et al., 2013). Neurulation in mammals occurs in two distinct processes,
primary and secondary neurulation. In primary neurulation, a sheet of epithelial cells referred to
as the neural plate undergo a series of thickening and bending movements ending with fusion
into a tube. Secondary neurulation occurs from a grouping of mesenchymal cells that form a rod,
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and then proceed to form a lumen in the
middle of these cells that later becomes the
full tube (Lowery and Sive, 2004). Later,
the two tubes that form fuse together to
form one large tube that then closes and
will eventually become the central nervous
system (Nikolopoilou et al., 2017).
Primary neurulation begins with
epithelial cells forming a sheet like
structure, otherwise known as the neural
plate. Formation of the neural plate is due
to earlier cell signaling events, such as
neural crest migration, that differentiates
the neural epithelium from the non-neural
ectodermal layer or epidermis

Figure 1: Primary Neurulation: A) Shows an image of the neural
plate in a chick (Gallus gallus) embryo. B) Shows an image of the
elevation of the neural folds. C) An image showing the
convergence of the neural folds. D) An image of the fully formed
neural tube. 1a) A diagram depicting the shaping of the neural
plate in a chick (Gallus gallus) embryo. 1b) The folding of the
neural folds along the medial hinge point. 2) The elevation of the
neural. 3) The convergence of the neural folds from the bending
of the dorsolateral hinge points. 4) The closure of the neural tube
and separation from the epidermis (Barresi and Gilbert, 2020).

(Nikolopoilou et al., 2017). Early in the process of neurulation, the cells in the folds differentiate
to allow for the formation of inner neural epithelium that directly covers the tube and a nonneural ectodermal layer that later becomes a full epidermal covering (Nikolopoilou et al., 2017).
This neural plate is then shaped to build up cells on the edges of the plate, which are known as
neural folds (Lowery and Sive, 2004). Then a process known as convergent extension begins,
and the midline of the sheet becomes a medial hinge point, and the neural folds begin to elevate.
This elevation is due in part to the formation of a dorsolateral hinge point, which promote
convergence of the neural folds. Once the neural folds meet in the middle, they begin to fuse,
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completing the process of forming a closed tube (Lowery and Sive, 2004; Imbard et al., 2013;
Nikolopoilou et al., 2017). Actomyosin machinery assists many aspects of neural tube closure
including the completion of fusion, and formation of the hinge points and is essential in neural
tube closure (Lowery and Sive, 2004). There is variability among vertebrates as to the exact
rolling, folding, or bending process to allow the neural folds to converge on each other and fuse,
but it is believed that this process is generally conserved among vertebrates. All vertebrate
primary neurulation starts with a sheet of epithelial cells and ends with a tube (Lowery and Sive,
2004). Figure 1 shows a depiction of the process of shaping the neural plate in chick embryos,
the folding at the medial hinge point, the elevation of the neural folds, the dorsolateral hinge
points allowing the neural folds to come closer to each other, and the eventual fusion of the two
folds (Baressi and Gilbert, 2020).
Secondary neurulation begins with mesenchymal cells, which are loosely associated and
migratory. These mesenchymal cells form a rod, called the medullary cord, which then begins to
undergo cavitation. These smaller cavities eventually combine to become one central lumen. The
process of secondary neurulation is much more like the hollowing out of a tube and does not
require fusion or folding (Nikolopoilou et al., 2017). In the same sense, secondary neurulation
varies among vertebrates, but the process is thought to be conserved (Lowery and Sive, 2004).
Secondary neurulation does not occur after the more anterior structures are formed and occurs
from the undifferentiated tissue in the tail bud of the vertebrate (Nikolopoilou et al., 2017).
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These two tubes are separated by a transition zone that goes through combinations of the
two mechanisms to form. At this point, the neural tube is connected to the ectoderm that will
eventually become epidermis, and the neural tube is open on either end (Lowery and Sive, 2004).
To complete the process of becoming a closed neural tube,
the neural tube closes at several specific closure points, with
one being at the anterior end to close the top-most part of the
neural tube, and one being at the posterior end to close the
bottom most part of the neural tube (Nikolopoilou et al.,
Figure 2: Closure Points on Human Neural
Tube: Diagram depicting the closure points
on the human embryo and the respective
defects that occur when closure is affected
(Bassuk and Kibar, 2004).

2017). However, these closures do not all occur
simultaneously in the embryo. Different points along the axis

serve as closure points, and closure occurs in either direction from those closure points until the
entire axis is a closed tube as seen in Figure 2. The neural tube separates from the surface
ectoderm by a change in the type of cadherins they produce, with all of the cells initially
producing E-Cadherin, and the later neural tube cells making a change to N-Cadherins. Due to
the homophilic binding of cadherins, the change in cadherin types causes the cells to lose their
ability to adhere to each other and separate (Nikolopoilou et al., 2017). There is still more to
undercover about the process of neurulation, but the major mechanism is understood as a well
regulated process.
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Neural Tube Defects
Neural tube defects are defined as congenital
malformations resulting from the failure of the neural
tube to close during neurulation. These occurs when
the closure of the neural tube fails and openings are
left in the tube. There are two types of neural tube
defects; open and closed defects. Open defects are
defects that allow exposure to the neural tissue
(Imbard et al., 2013). These defects include
craniorachischisis, spina bifida cystica, and
anencephaly. Craniorachischisis occurs when neural
tube closure fails completely, resulting in most of the
brain and the entire spinal cord remaining exposed. This

Figure 3: Types of neural tube defects and the
origin of the defect on the neural tube. Defects
include anencephaly (Top left), Craniorachischisis
(Top middle), Open spina bifida (Top right),
iniencephaly (bottom left), encephalocele (bottom
middle), and closed spina bifida (bottom right).
(“Birth Defects Surveillance Toolkit”)

results in miscarriages and stillbirths most often, and on the occasions that these fetuses are born
alive, they die soon after birth. Anencephaly occurs when the cranial region of the neural tube
does not close. Amniotic fluid degenerates the brain, and most often, these fetuses die in the
womb or soon after birth. Spina bifida cystica is broken down into two types, meningoceles and
myelomeningoceles, and is caused by a defect in the lumbosacral region of the spinal area. A
meningocele occurs when only the meninges and cerebrospinal fluid are exposed, and a
myelomeningocele occurs when the spinal cord and/or nerve roots are also involved in the
exposure (Imbard et al., 2013). Closed neural tubes include encephaloceles and spina bifida
occulta. Encephalocele results from a defect in the skull in which the brain herniates. Spina
bifida occulta occurs when there is a gap in the vertebral arches in the lumbosacral area in which
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the spinal cord and meninges remain entirely in the canal. Almost all cranial defects result in
miscarriage or stillbirth, with those outliers resulting in death soon after birth (Imbard et al.,
2013). Spina bifida is one of the few neural tube defects that allows for survival, however, only
about 1% of children born with the open form of spina bifida do not have disabilities. These
disabilities include skeletal and muscular abnormalities in the legs, need for a wheelchair, low
bowel and bladder control, and hydrocephalus that requires frequent surgical intervention
(Imbard et al., 2013). There are several factors that are involved in the likelihood to form neural
tube defects, including increased risks in certain ethnic groups, higher occurrences for the sibling
of someone with a neural tube defect, and certain environmental influences such as obesity and
nutrition in the mother, and occupations of the parents (Imbard et al., 2013).

Connection Between Folic Acid and Neural Tube Defects
The link between increased maternal folic acid/folate levels are reduced risk of NTDs is
well known (Imbard et al., 2013). Folate is the natural occurring vitamin while folic acid is the
synthetic and thus more stable form.
Mammalian cells are unable to
synthesize folate, so they must acquire
folate from their diet. Folate is a water
soluble B vitamin, mostly found in fruits
and veggies. Folates in foods are most
often found in polyglutamated forms,
Figure 4: Depiction of Folic Acid Metabolism. Starts with the
consumption of folic acid and being transported through the cell
membrane. Depicts the different byproducts after folic acid is made into
a usable form (Barua et al., 2014)

which are required to be hydrolyzed into
monoglutamates in order to be absorbed
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(Lee et al., 2012; Chuankhayan et al., 2013; Imbard et al., 2013). This form of folate is found in
the cytoplasm and mitochondria, and the body keeps a balanced equilibrium of them in the cells.
In the cytoplasm, folates are involved in the metabolism for homocysteine remethylation, de
novo purine biosynthesis, and de novo dTMP biosynthesis. More simply explained, folate is
important to synthesizing nucleic acids and carrying single carbon units, and is important in
methylation reactions in the cell (Lee et al., 2012; Imbard et al., 2013). More specifically, folate
assists in the formation of purines through being a cofactor in inosine synthesis and in the
synthesis of thymidylate, which is a precursor necessary for synthesizing DNA, and more
importantly assists in the formation of methionine (Lee et al., 2012).
A number of different trials and studies have been done to identify the connection
between neural tube defects and folic acid levels, but to this day there is still not a clear answer.
In early studies as far back as the 1960’s, supplemental folic acid taken around the time of
conception through a multivitamin were shown to reduce the rate of recurrence of neural tube
defects from 5.9% to 0.5% (Smithells et al., 1981). Some of these studies have shown that
mothers who carry or have fetuses affected by neural tube defects have lower levels of plasma,
red blood cells, and amniotic folates; however, the concentrations still remain within the normal
ranges, even if decreased (Candito et al., 2008; Christensen et al., 1999; Relton et al., 2003;
Dawson et al., 1999). A study in Cuba showed that 5 milligrams of daily folic acid decreased the
recurrence rate from 3.5% to close to 0% (Vergel et al., 1990). A number of other studies
showed that with multivitamins and high levels of consumption of folate through foods showed a
decrease in neural tube defect occurrences between 35% to 75%. All of these studies showed
significant effects, but few are able to explain why (Bower and Stanley, 1989; McMahon et al.,
2013; Milunsky et al., 1989; Mulinare et al., 1988; Shaw et al., 1995; Shaw et al., 1995). In 1981,
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a study showed that 2 mg per day of folic acid could prevent recurrence of neural tube defects;
however, this study was unusually small and has often been discredited (Laurence et al., 1981;
Imbard et al., 2013). In 1991, the most reliable trial was through the Medical Research Council
in the UK. In this study, women who have previously have fetuses with NTDs were either given
a multivitamin with 4 mg per day of folic acid, a multivitamin group without folic acid, or a
placebo. The study showed that the incidence of NTDs decreased by 72% in group that took the
folic acid fortified vitamin (MRC, 1991). These studies collectively show that there is a
reduction in occurrences and recurrences of neural tube defects; however, it is important to note
that reductions are greater in areas where there are higher baseline rates of neural tube defects
(Berry et al., 1999). It is also important to note that some groups are consuming significantly less
folate in their normal diet than others within a specific country, which can have an impact on the
baseline (Imbard et al., 2013).
Several programs have been put into place in several countries to attempt to decrease the
occurrence of neural tube defects through increased levels of folic acid. There are three manners
in which the community can increase levels of folic acid: through supplements, through dietary
improvements, and through mandatory fortification of food. In the United States, fortification of
certain food products with folic acid is mandated, but initially began with the supplement route
(Imbard et al., 2013). In 1992, the CDC recommended that women of childbearing age should
take 4 milligrams per day of supplemental folic acid if they are at high risk of producing
offspring with neural tube defects, and 0.4 milligrams per day of supplemental folic acid to those
at normal risk (MMWR Recommendation, 1992). After the recommendation, there was a decline
in the prevalence of neural tube defects in the United States (Stevenson et al., 2000). This led to
the FDA authorizing the fortification of food with folic acid in 1996, and this became mandatory
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in 1998. The FDA mandate of folic acid fortification showed a decrease in neural tube defect
prevalence from 10 to 80% depending on the baseline in the area (De Wals et al., 2007). While
we can see that there is an obvious decrease, it is important to consider that there are
confounding factors that could be impacting these results.
While the exact mechanism of folic acid metabolism is well understood, the general
mechanism behind folic acid impact on neural tube closure are elusive. Some hypotheses suggest
that folate deficiency impacts neural tube closure because it is vital to dTMP (deoxythymidine
monophosphate) synthesis (Field et al. 2018). Folate regulates the partitioning of MTHFD1, a
gene that encodes for enzymes that are involved in de novo purine synthesis, which is required to
mediate dTMP synthesis and homocysteine remethylation. If folate levels are low, not enough
one carbon units go to dTMP synthesis, dTMP is required to produce enough dTTP
(deoxythymidine triphosphate), which is a nucleoside triphosphate used in the synthesis of DNA,
for DNA replication to occur. When DNA replication cannot occur at the proper rate, the neural
tube cannot close because there are simply not enough cells (Field et al., 2018). In a study by
Martin, et al., researchers studied one of the three folate receptors in humans and mice. These
receptors are encoded by a gene, Folr1, and mediate the intake of folic acid through endocytosis.
In mice embryos that lacked the gene for Folr1, neural tube defects were prominent. Folr1 is
expressed in the neural epithelium of mice embryos and the protein is localized in the apical
region during neural tube closure. The cellular mechanisms that regulate apical constriction is
important to neural tube development. The study showed that through the Folr receptor, folic
acid can rescue the function of some mutations in genes that appear in the apical cellular
junctions. However, folic acid supplementation did not rescue the function 100%, suggesting
other mechanisms can impact neural tube development (Martin et al., 2019). In another study,
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researchers showed that embryos with a Pax3 loss of function mutation, leads to deficits in
neural crest cells and neural tube defects, which are rescued with folic acid supplementation.
This rescue by folic acid appears to relate to part of the folate metabolism cycle that is important
to nucleotide synthesis (Ichi et al., 2010). This study showed that Hes1 and Neurog2, promoters
on chromatin, are remodeled by the addition of folic acid to mutant embryos, and that folic acid
also can regulate some miRNAs. The conclusions from this study were that folic acid may be
involved in preventing neural tube defects through regulating methylation and demethylation
enzymes, miRNAs, and certain promoters present in chromatin (Ichi et al., 2010).

Biochemical Mechanisms of MTX
Methotrexate is a drug commonly used for chemotherapy and for rheumatoid arthritis
treatment. It is a known antagonist of folic acid, likely because it inhibits dihydrofolate
reductase, which is the
enzyme involved in
converting dietary
folate to a usable form
in the body (Lee et al.,
2012; Sun et al., 2009).
When dihydrofolate
reductase is inhibited,
the body cannot form
Figure 5: Pathway of Methotrexate. Starts with Methotrexate, to becoming polyglutamated.
Shows the inhibition of dihydrofolate reductase and AICAR transformylase. Shows the products
of the inhibitions (Chan and Cronstein, 2010).

tetrahydrofolate and
methyltetrahydrofolate.
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These two molecules act as methyl donors and promote the formation of methionine and
polyamines. MTX polyglutamates also suppress the pathway of synthesizing purine through the
inhibition of an enzyme known as AICAR transformylase, which allows for an accumulation of
AICAR (aminoimidazolecarboxamidoribonucleotide). AICAR is an analog of adenosine and an
activator of AMP activated protein kinase (Jhun et al., 2004). When AICAR accumulates, AMP,
AMP deaminase, and adenosine deaminase are inhibited, which allows for an increase in
adenosine levels (Chan and Cronstein, 2010). Increases in adenosine levels and the
dephosphorylation of ATP to adenosine are known to be associated with immunosuppression due
to the binding of adenosine to cell surface receptors and are associated with the antiinflammatory properties of MTX. MTX also prevents the reduction of dihydrobiopterin to
tetrahydrobiopterin, which allows for the uncoupling of nitric oxide synthase. Because of this
uncoupling, apoptosis sensitivity in T cells is increased, leading to a short burst of increased
apoptosis in T cells (Chan and Cronstein, 2010; Cronstein and Thomas, 2020). Overall, MTX
inhibits purine and pyrimidine synthesis, therefore inhibiting cell proliferation, alters the
expression of certain adhesion molecules, decreases level of IgM and IgA RF levels, decreases
interleukin 1 production in synovial fluid, causes fibrosis, hepatotoxicity, a depletion in hepatic
folate store, and enhances the release of adenosine, as studied in mice. It also increases the
production of interstitial matrix and causes the formation of nodules in patients with rheumatoid
arthritis (Chan and Cronstein, 2010). Because MTX inhibits the uptake of folic acid, it is known
to cause many defects, but in this case specifically it has been seen in Zebrafish to cause defects
in the formation of the overall embryo, cardiac development, and vascular development.
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Known MTX Studies in Zebrafish
Table 1: Known MTX Studies in Zebrafish Cell Lines (Yin et al., 2017)

d

MTX has previously been used to study the effect of folic acid metabolism using
zebrafish as a model system, but to our knowledge, these studies did not examine the effect of
MTX in neural tube development. The following section summarizes the known effects of using
MTX in zebrafish. MTX has been used in zebrafish liver cells to study cell division (Table 1)
Upon introducing 1 mg of Methotrexate (MTX) in 1 mL of water and methanol to Zebrafish
Liver cell lines with 0.01 mol/L of Hydrochloric acid, the number of S phase cells increases, and
then decreases dramatically by the G2/M phases. The researchers were able to conclude that
MTX inhibits the proliferation of Zebrafish liver cells through arrest in the S phase (Yin et al.,
2017). MTX has also been used to study in vivo development. Lee et al. exposed Zebrafish
embryos to a range of concentrations of MTX, ranging between 200 µM to 600 µM (Lee et al.,
2012). The researchers found that even upon using the lowest concentration, the embryos died by
day 5, however the defects that they showed varied (Table 2).
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Table 2: Known MTX Studies In Zebrafish Embryos (Sun et al., 2009; Lee et al., 2012)

At 200 µM, ventral edema, heart defects, a shortened anterioposterior axis, dorsal
curvature, mild delays at the tailbud stage, and necrotic heads and tails by day 1 were observed.
At 400 µM, most embryos died before somitogenesis, however, the minority that lived past
somitogenesis had severely shortened anterior-posterior axes and were necrotic throughout the
entire embryo. Upon adding Folinic acid to the 200 µM MTX embryos, defects were less severe
at day 2, with less edema, a smaller number of embryos with dorsal curvatures, and a decrease in
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the amount of cardiac defects. However, these embryos still died by day 5. Despite the
morphological changes, tissue differentiation occurred as monitored by formation of the
ectoderm, mesoderm, and endoderm. In support of the tissue cell culture work, S phase was
followed by a decrease in the cells in the M phase. Interestingly, an increase in the apoptotic
cells and an overall decrease in the number of cells in the embryo was noted. These studies
suggested that the lack of folate caused a lack of dTTP pools for DNA synthesis, and an issue
with methylation reactions, and treatment with MTX results in early embryonic lethality (Lee et
al., 2012). Another study used 1.5 mM of MTX in the study, showing significant cardiac defects
(Sun et al., 2009). When the introduction of MTX occurred between 6 and 10 hours post
fertilization, embryos showed decreased heart rate, decreased clarity or development of the
intersomitic and cranial vessels, cardiac twist at 48 hours post fertilization, and an incompletely
fused primitive heart tube at 20 hours post fertilization. To determine the underlying defects,
expression of tissue specific transcription factors was analyzed. These studies indicated lower
expression of hand2 in the mesoderm, AV canal, and overall embryo, decreased expression of
mef2a and mef2c in somites, heart, and overall embryo, and a decreased level of flk-1 in
vasculature and intersomitic region. Because of the decreased expression of those transcription
factors, embryos lose the ability to expand ventricular cardiomyocytes, correctly develop
myocytes, and allow for the migration of angioblasts to the intersomitic vessels (Sun et al., 2009)
(Table 2).
In a study on the effect of new gelatin, a substance for treating hemotopoietic injuries
due to chemotherapy with MTX, researchers were able to see that addition of new gelatin
protects blood cells against MTX (Table 3) (Han et al., 2019). In a study looking at the effects of
MTX on rheumatoid arthritis, researchers were able to see
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Table 3: Known MTX Studies in Developed Zebrafish (Feng et al., 2018; Han et al., 2019)

that MTX inhibits HOCl (an acid believed to create inflammation in inflammatory disorders),
and therefore results in a decrease in symptoms of rheumatoid arthritis (Feng et al., 2018).
Lastly, Chuankhayan, et al., studied the biochemical structure during the hydrolysis of
MTX, and were able to watch the synthesis of folate when MTX is present (Table 4). These data
are important to pharmaceutical companies in better understanding the function of certain drugs
(Chuankhayan et al., 2013). This summarizes the known studies on Zebrafish with MTX. In
conclusion, there is currently no study analyzing specifically the effects of MTX on the neural
tube development of Zebrafish.
Table 4: Known Biochemical Studies with MTX (Chuankhayan et al., 2013)

16
Comparison of Zebrafish and Human Development
Zebrafish is
commonly used as a
model system for
human diseases
including
hematopoietic
diseases, renal
diseases, cardiac
diseases, and other
developmental
disorders (Ward and

Figure 6: Neurulation in Different Embryos. A) Primary neurulation in chick (Gallus gallus)
embryos. Begins with the formation of the neural plate, progresses on to elevation of the neural
folds, then to the converging in of the folds, and finally ends with the fusion of the folds to form a
tube. B) Neurulation of frogs (Xenopus llaevis). Begins with the neural plate, progresses to the
“sinking” of the midline to form folds on the sides that converge to form a lumen, and eventually
widen to form a full tube. C) Teleost neurulation (Danio rerio). Begins with a neural plate, forms a
neurul keel, progresses on to form a neural rod, midline sink and “rolling” of cells occurs to create
a lumen that eventually becomes a developed tube. D) Secondary neurulation in chick (Gallus
gallus). Begins with a neural plate, which progresses into a full neural rod. After the neural rod
forms, cavitation occurs and all the smaller openings combine to form a central lumen, which is
the full neural tube. All three forms of neurulation begin as a neural plate and end with a fused
neural tube (Araya et al., 2015.)

Lieschke, 2002).
Zebrafish is also used as a model system to study neural tube development. This section aims to
describe notable similarities and differences in zebrafish and mammalian neural tube
development. Zebrafish neurulation has been debated for quite some time for whether or not it is
primary or secondary neurulation, but the general consensus is that Zebrafish neurulation is a
primary neurulation process, in which there is “sinking” instead of distinct folding as seen in
mammals (Lowery and Sive, 2004). Like mammalian development, zebrafish neurulation begins
with formation of a neural plate. At 10-11 hours post fertilization both the left and right sides of
the neural plate converge toward the midline. This neural plate has thickening at the edges that
occurs by an increase in the height and reduction in the width of the neural progenitors, and at
the midline the neural plate cells sink down to form a solid rod called a neural keel around 13
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hours post fertilization (Araya et al., 2015). A single median hinge point forms above the
mesoderm and two dorsolateral hinge points form from apical constriction and the expansion of
basal cells. The neural keel progresses to become a neural rod from movements at the hinge
points and tissue internalization around 15-17 hours post fertilization, and apicobasal polarity
begins to be established at the midline. This process of neural rod formation begins to occur from
the depositing of a daughter cell by each neural progenitor cell on either side of the neural tube
(Araya et al., 2015). After this, a central lumen begins to form from the rolling and sinking of the
neural rod. This sinking and rolling is why zebrafish neurulation can be compared to primary
neurulation in humans. Due to fate-mapping, it is evident there is a clear rolling motion that
opens this lumen (Lowery and Sive, 2004). Along the midline of the rod, smaller lumen openings
combine to form a larger lumen around the midline at 17 hours post fertilization. Cells can cross
the midline and the neural keel and reorganize as the lumen opens. By 18 hours post fertilization,
the neural rod has become a completed hollow neural tube (Araya et al., 2015).
These neuroepithelial cells in the neural keel seem to be less tightly associated than typical
epithelia like in humans, but also much tighter than normal mesenchymal tissue. This is why it is
most accurate to describe Zebrafish neurulation as a combination of our primary and secondary
neurulation processes in humans. The biggest difference between human and Zebrafish
neurulation is the formation of a neural keel before a neural rod, but there are also several other
differences and comparisons (Araya et al., 2015). The same cadherens and junctional proteins are
involved in neural tube development as in secondary neurulation in humans. The same apicobasal polarity occurs in Zebrafish as in humans. Both in humans and Zebrafish, N cadherin is
important to the migration of neural plate cells. In Zebrafish neural tube morphogenesis, the
neural tissue does not start as conventional polarized tissue as it is in humans, but it eventually
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becomes polarized the same way as stated above (Araya et al., 2015). Neuroepithelium formation
differ between humans and zebrafish, with the epithelium in Zebrafish being more of a single
layer and having cuboidal cells, while humans have a thicker pseudostratified cell layer (Araya et
al., 2015; Lowery and Sive, 2004). Despite all of these differences, the core machinery of neural
tube development similar to mammalian neural tube closure. Due to the external development of
zebrafish and their optical transparency, we believe zebrafish will serve as an excellent model
system for these studies.

Connection between Ethanol and Neural Tube Defects
For many years scientists have tried to uncover the mechanism behind alcohol induced
developmental defects. One of the main collections of disorders that has been identified in
fetuses from maternal alcohol consumption is Fetal Alcohol Spectrum Disorder. Fetal Alcohol
Syndrome is a specific type of Fetal Alcohol Spectrum Disorder, encompassing several different
developmental defects, ranging from growth retardation to abnormal facial features, defects in
the morphology of certain organs, and defects in the central nervous system, including but not
limited to neural tube defects (Arrone et al, 2008). There are several different theories that
attempt to explain the mechanism behind why alcohol causes these defects, but it is hypothesized
that it is likely a combination of several of these mechanisms being down regulated or failing
that causes these defects. Some of these theories include polyamine deficiency, folate and folate
coenzyme deficiencies, decreased synthesis of pyrimidines and purines, downregulation of genes
that are important for cell adhesion, axonal projection, brain patterning, cell differentiation, cell
signaling, and cell migration, decreased production of nucleotides, DNA, and RNA, and
increased rates of cell apoptosis (Arrone et al, 2008; Becker et al, 1996; Louden et al, 2008;
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Poodeh et al, 2014). Since many of these important cellular processes are regulated by some of
the same enzymes, coenzymes, and other important transcription factors, it is likely that alcohol
consumption impacts the ability to absorb certain important nutrients and carry out the important
biofunctions.
A lack of these important biofunctions during gestation can lead to defects, in this
specific case defects in neurulation. Because the development of the brain starts early on in
development and lasts most of the gestational period, it appears that alcohol consumption both
periconceptionally and postconceptionally can impact the development of the neural tube. A
study done by Poodeh, et al., observed that upon the introduction of ethanol to mice in utero,
embryos exhibited an open neural tube at 9.5 days post conception, a time point at which the
neural tube should be closed. They saw a complete lack of polyamines in the head at the 9.5 days
post conception stage, where in controls the polyamines were present. Polyamines are essential
to DNA synthesis and cell replication, so a total lack of polyamines would likely be a cause for
reduced DNA synthesis, and by result, an inability to have enough cells to close the neural tube
(Poodeh et al., 2014). Arrone et al., found that there was a decreased expression of Pax6 in
embryos exposed to alcohol in utero. Pax6 is a transcription factor that is vital for cell
differentiation into neurons and neuroblast migration in the brain. They also found that alcohol
induced a widespread apoptotic neurodegeneration that disrupted the overall development of the
brain (Arrone et al., 2008). Becker, et al., looked at the effect of acute versus chronic exposure to
alcohol and found that embryos are more likely to present with neural tube defects when
embryos were exposed to alcohol around a time frame of between 3 to 8 weeks in human
gestational time frames. These embryos showed decreases in the size of the neural plate,
microcephaly, exencephaly, and other neural tube defects, excessive programmed cell death at
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the neural plate, and other brain malformations (Becker et al., 1996).
A review done on the association between periconceptional alcohol consumption and
neural tube defects looks at a review of the data between the years 1997 and 2011. It found that
there is no association in low to moderate consumption of alcohol with neural tube defects, but
there is a positive association in a higher level of consumption at a higher concentration (Louden
et al, 2008). However, this article pointed out that animal studies do not necessarily translate to
human studies, partially because of dosage differences. It also points out that there is a survival
bias, and that in animals it can be seen when there’s a loss of embryos in the study, and in
humans, specifically this study, there is no way to account for miscarriages that occur because of
alcohol consumption (Louden et al, 2008).
Connection Between Folic Acid and Ethanol
The connection between folic acid and ethanol has not been clearly depicted, but multiple
studies have shown down regulation of certain genes related to folate acid metabolism in the
presence of ethanol. Ethanol is known to suppress folate absorption, folate catabolism, folate
coenzymes, and methylation (Grewel et al, 2008; Arrone et al, 2008). Studies done on rats have
shown that chronic ethanol injection leads to decreased levels of folates in the serum and blood
cells, and a major theory as to why is that folate transporters are suppressed and therefore folate
cannot be brought into the cells. Ethanol has been shown to decrease the expression of certain
folate transporters. Another study shows that there is an upregulation in proteins that degrade
folate, and a downregulation in proteins that prevent folate degradation in the presence of ethanol
(Sharma and Krupenko, 2020). Ethanol has also been seen to decrease the ability of the cell to
metabolize folates by downregulating the expression of folate metabolism enzymes, and
therefore affecting folate homeostasis (Sharma and Krupenko, 2020).
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Ethanol has also shown to affect the levels of folate coenzymes in the fetal and maternal
tissues. A study on the effect of ethanol on folates showed that consumption of ethanol during
pregnancy increased the level of maternal liver folates by 22% and decreased the fetal brain
folate levels by 15%. There was a large decrease in the fetal brain of 5-methyl THF, which is one
of the major folate coenzymes in the fetal brain, and has a role in methylation, and therefore
synthesis of DNA (Lin et al, 1992). While there are not many studies on the direct effects of
ethanol on folic acid levels, there are many studies that can connect the two via a decrease in
processes that folic acid is vital for.
The Effect of Ethanol on C. elegans
Some studies have shown that ethanol affects C. elegans by directly impacting
locomotion, egg laying, speed, amplitude of body bends, and after a certain time frame, an
olfactory preference for ethanol, and a tolerance to ethanol after a certain time frame (Lee et al,
2009; McIntire 2010). In these studies, as ethanol concentration increases, the ability of the
reproductive worm to lay eggs and produce eggs decreases, the speed of the worms movements
on the plates decreases, the ability to normally move across the plate is negatively impacted, and
the worms flatten out (Lee et al, 2009; McIntire 2010). After concentration dependent time
frame, some worms began to show preference for ethanol, almost in an addictive manner, and
after being removed, these worms recovered, but they went through withdrawal adjacent
symptoms. After too high of a concentration, even at small time frames, the worms do not
recover (Lee et al, 2009; McIntire 2010). Because of this, doing research on C. elegans with
ethanol will produce a variety of effects dose-dependently.
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Applicability of C. elegans to Human Development
Caenorhabditis elegans is a transparent nematode that lives in soil environments. C. elegans are
about a millimeter long, and have a quick replication cycle, making them ideal for research
looking at development. They are hermaphroditic, meaning that one individual reproductive
worm performs the production and fertilization of embryos on their own. They are a roundworm,
and typically live in temperate environments (Corsi et al., 2015). C. elegans are an invertebrate
species, so they would not appear to be a good model system to use for human developmental
studies. However, they go through many of the same processes in their development that occurs
in the development of the neural tube in vertebrates, including apical constriction, cellular
internalization, cell proliferation, and cellular migration, and they also use similar folate
metabolism mechanisms as in vertebrates, so despite their lack of a neural tube, they would still
show developmental defects and inhibition of folic acid if it was affecting developmental
processes (Konrad et al., 2018).
C. elegans have a gene, known as mel-32, which is the homolog for the Shmt gene in
humans, that functions as a folic acid metabolism gene. Konrad et al., found in a study that cell
cycle lengths require this gene in C. elegans, and without this gene, the cells arrest, likely in S
phase, and with downregulation of the gene, reproduce much slower than the control embryos
(Konrad et al, 2018). Many other genes have been found to have homologs in C. elegans that are
vital to neural tube development in humans, as many as 191 (Sullivan-Brown et al, 2016).
Because of this, C. elegans work as a good model system for human development in this case,
because homologs for the genes that are being impacted in humans with neural tube development
are being affected when cell movement and cell internalization are being impacted in C. elegans.
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Materials and Methods
C. elegans Information
The C. elegans strain used was MS438, genotype irls25v, irls25[[elt-2::NLS::GFP::lacZ]
+ rol-b(541006)]U, mutagen caused by gamma irradiation, outcrossed once, made by Morris
Maduro. The worms were grown on Nematode Grown Medium, fed with OP50 E. coli. They
were kept at 20 degrees Celsius.
Stock Solutions
M9 Buffer
M9 buffer recipe was prepared by adding 1.5 grams of KH2PO4, 3 grams of Na2HPO4, and 2.5
grams of NaCl in 500 mL of dH2O. Chemicals were dissolved by stirring, and then filter
sterilized. Following filtration, 500 µL of 1M MgSO4 was added
1 M CaCl2
1 M CaCl2 was made by dissolving 14.70 grams of CaCl2 in 70 mL of H2O. Volume was
brought up to 100 mL with H2O and filter sterilized. It was important not to autoclave in place of
filter sterilization as calcium would precipitate out.
1 M MgSO4
1 M MgSO4 was made by dissolving 12 grams of MgSO4 in 70 mL of H2O. Volume was
brought up to 100 mL with H2O and filter sterilized.
5 mg/mL Cholesterol in Ethanol
Cholesterol was made by dissolving 100 mg (0.1 g) of Cholesterol in 20 mL of Ethanol. It was
then shaken vigorously until fully dissolved. It was important to keep shielded from light and not
autoclaved.
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Potassium Phosphate Buffer
To make potassium phosphate buffer, first a 1 M KH2PO4 monobasic solution was made by
adding 136 grams of KH2PO4 monobasic into 750 mL of water. After going into solution, the
final volume was brought up to 1000 mL.
Next a 1 M KH2PO4 dibasic solution was made by adding 174 grams of KH2PO4 dibasic into
750 mL of water. After it had gone into solution, final volume was brought up to 1000 mL.
The 1 M dibasic solution was added to the 1 M monobasic solution to bring the pH up from 4 to
6 by adding 30 mL of dibasic solution to 100 mL of monobasic solution. It was then filter
sterilized.
NGM Plates
NGM plates were made by dissolving 11.25 grams of NGM Partial Agar Mix in 500 mL of
dH2O. A stir bar was added and solution was stirred until dissolved. Flask was covered with foil
and autoclave tape was added. Solution was autoclaved on Liquid 2 cycle. After removing
solution from autoclave, it was allowed to cool until still warm, but cool enough that it could be
held comfortably. 500 µL of 5mg/mL of cholesterol in ethanol, 500 µL of 1 M MgSO4, 500 µL
of 1 M CaCl2, and 12.5 mL of 1 M KPO4 were added to the agar solution. The solution was
poured into plates until about halfway full, sterilizing the lip of the flask in between pours.
Solution was consistently moving to prevent it from solidifying. Plates were allowed to solidify
overnight. The next day, plates were seeded with about a nickel size of OP50 E. coli to plate
using a pipette, and then allowed to dry before use.
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Mounting Worms for Microscopy
Preparing Coverslips
10 µL of Sigma (product number) Poly-L-lysine solution (0.1% w/v in H2O) was placed using a
pipette on either end of a precleaned Gold Seal Ultrastick 25 x 75 mm, 0.97 to 1.07 mm thick,
microslide (Cat No. 3039). Using forceps, the edge of a Corning 1 ½ thick, 18 x 18 mm cover
slip (Cat No. 2850-18) was placed along the droplet of Poly-L-lysine, and slowly allowed to fall
flat on the slide so that the liquid covered the entire slip. This process was then repeated with a
second cover slip on the opposite end of the slide.
The slide was placed on heat for a few seconds to allow the slip to dry. Then, using forceps, the
two slips were turned over so that the side that was coated in liquid is facing up.
Prepare Agar cushion
3.75 g of agarose was added to 150 mL of M9 buffer in a flask and swirled to mix. Using plastic
wrap, the top of the flask was covered and the entire thing was weighed. The solution was
microwaved until clear, stopping and swirling as soon as solution started to boil repeatedly until
completely clear. The entire thing was weighed, including plastic wrap again, and water was
added to the solution until the weight matched the initial weight. Water had to be added to
compensate for lost water from heating. The solution was then swirled and poured into culture
tubes. After the solution was dry, parafilm was added the tops to ensure none evaporated and
solutions were refrigerated until use.
When ready to use, the culture tube with the agarose was added to just enough water to cover
half of the culture tube and placed on a hot plate. Both the water and the agarose were heated
until the agarose was liquid. Using a disposable Pasteur pipette and a bulb, a pea size amount of
agarose was pipetted on the slide while simultaneously placing another slide on top. Using two
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slides with three pieces of laboratory labeling tape on them determined the size of pad. Placing
the other slide on top immediately ensured the pad is the exact width of the three pieces of lab
tape.

Mounting Embryos on a Slide
20 µL of M9 buffer was placed on the center of a coverslip on the side that was coated in PolyL-lysine solution. Using a pick, a small amount of OP50 E. coli was removed from the plate onto
the pick, and using that bacteria, adult reproductive worms were picked up. Placing the pick in
M9 buffer, the worms were removed from the pick by gently tapping. Using 2 syringes with
needles, the worms were opened and the embryos were removed. Using an agar pad and a slide,
the pad was lightly tapped against the M9, allowing the liquid to disperse on the pad and pick up
the slide. The coverslip was then turned over so that the worms were all on the pad and the slide.
M9 buffer was added using a pipette so that the entire coverslip has liquid under it. Nail polish
was then used to seal the edges of the coverslip on the slide, while being careful not to move the
slide and pad. The nail polish was allowed to dry, and then the slide flipped, while tilting it on an
angle and looking in the scope to find the embryos on the slide, and marker used to circle clumps
of embryos. This allowed it to be easier to find the embryos under the scope.
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Setting up Ethanol Dilutions
Solution Type

Amount of M9 (in mL)

Amount of EtOH (in mL)

0% Ethanol

10

0

8% Ethanol

9.2

0.8

12% Ethanol

8.8

1.2

15% Ethanol

8.5

1.5

Ethanol used was 100% ethanol
Lethality in Embryos
3-4 days before beginning the experiment, worms were chunked to new plates to reproduce and
create a stock of worms. This was repeated with 2-3 additional new plates. The day before
beginning the experiment, approximately 50 L4 worms were transferred to a new plate to isolate
from younger and older worms. On the first day of the experiment, a well plate was set up as
follows:

0%
EtOH

8%
EtOH

12%
EtOH

15%
EtOH

0%
EtOH

0%
EtOH

0%
EtOH

0%
EtOH

1 mL of each indicated solution was added in each well. The top row were the solutions the
worms were placed in. The bottom row solutions functioned to rinse out the pipette after each
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experimental group was transferred to ensure there was no cross contamination of solutions. The
bottom row did not need to be filled with solution until AFTER the incubation period.

Approximately 10 worms were added at the young adult stage to each of the wells in the top 2
rows, while covering the wells between transfers to prevent the evaporation of ethanol. After
each experimental well had approximately 10 worms, the wells were covered with the lid and put
in an incubator for 4 hours.
After the four hour incubation period was up, the well plate was removed from the incubator and
the bottom row of wells were filled with the 0% ethanol solution to use for rinsing. Using a
capillary tube and suction as a pipette, worms were transferred from each well onto separate
labeled plates (e.g. Row 1 – 0% ethanol), rinsing in the 0% ethanol solution between
experimental groups to ensure there was no contamination of ethanol solutions. Any remaining
ethanol solution on the plates after transfer was allowed to evaporate off, and then plates were
placed in the incubator overnight to allow worms to lay eggs.
The next morning, plates were removed from incubator, and fully grown adult worms were
removed from each plate and sacrificed. A count of total larvae and eggs was then performed.
Plates were returned to incubator to allow eggs laid overnight to hatch.
The following morning, plates were removed from incubator, and a count of total embryos and
total hatched worms was performed on each plate.
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Imaging Study:
Controls:
On the first day of the experiment, 2 or 3 reproductive adult worm’s embryos were
mounted on a slide using the procedure as stated above. Using a compound microscope, the
black reference circle was focused on in order to identify the embryos using the 10x objective.
Once a clear focus of the embryos was found, the coarse focus was turned back half a turn, and a
switch was made to the 20x objective. After changing to this objective, the same focusing
procedure was done, focusing on the embryos that are to be imaged, and once there’s a clear
focus on them, turning the coarse focus a half turn back. The focus was then switched to the 40x
objective, and while being very careful, gradually turn the coarse focus until there was a rough
image in the scope, and then using the fine focus to bring it into focus the rest of the way. Once
the embryo to be imaged was identified, typically an early stage embryo (2 cell or 4 cell is ideal),
the embryo was imaged every 5 minutes for 2 to 3 hours.
The following day, the same embryo was viewed on the slide and it was noted whether or
not the embryo hatched or developed, and an image was taken.
Experimental
The day before beginning the experiment, approximately 10-20 L4 worms were
transferred to a new plate to isolate from younger and older worms. On the day of the
experiment, a well plate was set up with 1 mL of 12% ethanol in a well. Using a pick,
approximately 10 reproductive worms were put in the well, and allowed to incubate for the
chosen incubation time. In this experiment, 2, 3, and 4 hour incubation times were used.
Using a compound microscope, the black reference circle was focused on in order to
identify the embryos using the 10x objective. Once a clear focus of the embryos was found, the
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coarse focus was turned back half a turn, and a switch was made to the 20x objective. After
changing to this objective, the same focusing procedure was done, focusing on the embryos that
are to be imaged, and once there’s a clear focus on them, turning the coarse focus a half turn
back. The focus was then switched to the 40x objective, and while being very careful, gradually
turn the coarse focus until there was a rough image in the scope, and then using the fine focus to
bring it into focus the rest of the way. Once the embryo to be imaged was identified, typically an
early stage embryo (2 cell or 4 cell is ideal), the embryo was imaged every 5 minutes for 2 to 3
hours.
The plate with the rest of the worms from the ethanol was placed in the incubator to
recover overnight. The next day an image was taken of the embryos, and it was noted if they
hatched or developed any further. Then, the worms that were allowed to recover overnight and
their embryos were mounted on a slide, using the above procedure.
Using a compound microscope, the black reference circle was focused on in order to identify the
embryos using the 10x objective. Once a clear focus of the embryos was found, the coarse focus
was turned back half a turn, and a switch was made to the 20x objective. After changing to this
objective, the same focusing procedure was done, focusing on the embryos that are to be imaged,
and once there’s a clear focus on them, turning the coarse focus a half turn back. The focus was
then switched to the 40x objective, and while being very careful, gradually turn the coarse focus
until there was a rough image in the scope, and then using the fine focus to bring it into focus the
rest of the way. Once the embryo to be imaged is identified, typically an early stage embryo (2
cell or 4 cell is ideal), image the embryo every 5 minutes for 2 to 3 hours.
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As done for the control and the first experimental slide, the next day I returned to take an
image of the embryos and noted whether they developed further or hatched. Only experimental
embryos that did not survive hatching the next day were analyzed.
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Results
The Effect of Folic Acid Reduction on Zebrafish Development
The original purpose of the Zebrafish experiment was to use Methotrexate, a folic acid
inhibitor, to inhibit the metabolism of folic acid and view its impact on the development of the
neural tube in the Zebrafish embryos. My initial work on this project was doing a literature
review, in which I compiled all the literature I could identify that used MTX in early
developmental studies, leading to the creation of Table 1-4 in the introduction of this manuscript.
My experimental approach began by setting up 8-10 tanks with approximately 4-5 fish each, and
leaving them overnight to breed. The following day, the fish were returned to their appropriate
tanks and the eggs laid were put in petri dishes. The fecal matter from the fish, and any
unfertilized embryos were removed and disposed of. The fertilized embryos were viewed under a
microscope connected to a camera, and throughout the course of the day, the development of the
embryos was imaged. That evening, the embryos were supposed to be exposed to Methotrexate,
however, this step was never reached due defects in the controls embryos. This experiment was
attempted approximately fifteen times, all of which were controls that were unsuccessful in
obtaining imaging. In particular, the fish were either not laying any eggs, or the eggs that were
laid were not fertilized. The few eggs that were fertilized did not survive for more than a few
hours. The potential reasoning for this is that the Zebrafish were being moved from one room to
a larger room, and the stress of the move likely prevented them from breeding regularly. The
other potential reason for the lack of survival when they were fertilized the room temperature
was below their ideal breeding temperature. Zebrafish are tropical fish and having too low of a
temperature can influence successful breeding.
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Exploring the Role of Ethanol in C. elegans Development
Because there was no success in the Zebrafish study, we decided to transition to a different
project, looking at similar concepts how teratogens effects embryonic development, but with a
different model system and different teratogens. Although Zebrafish are the ideal model system
to explore how neural tube development is affected, previous work in this lab has established that
C. elegans are a good model system to study neural tube development because cellular processes
that occur during embryonic development such as cell proliferation, cellular migration, apical
constriction, and cellular internalization, as well as similar folic acid metabolism pathways are
conserved (Sullivan-Brown et al, 2016; Konrad et al. 2018). Ethanol exposure is important to
study, because many women consume alcohol before they know they are pregnant, and although
the data in limited, some studies suggest that ethanol exposure is associated with neural tube
defects (Zhou et al, 2011). Therefore, through exposing reproductive C. elegans to different
concentrations of Ethanol, I hypothesize that processes such as cellular proliferation, cellular
migration, apical constriction, and cellular internalization will be affected in embryos. The role
of ethanol in embryonic development in C. elegans, especially during gastrulation stages, has not
been well studied, so a major part of my project was to establish an assay to study Ethanol
exposure in C. elegans. Reproductive adult worms were incubated at 2, 3, and 4 hour time points
in 0%, 8%, 12% and 15% concentrations of ethanol, and then imaged using a compound
microscope and confocal microscope, both in the time frame directly after incubation and after a
recovery period.
Establishing the Ethanol Concentration Range to Study C. elegans Development
In order to establish an initial effective protocol, a protocol outlined in the Lin et al paper
was used as a guide (Lin et al, 2013). Reading the methods in this paper, an initial protocol was
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developed to expose embryos to 0% ethanol (just M9 buffer), 5% ethanol, 10% ethanol, 15%
ethanol, and 20% ethanol. After performing a trial investigation of two to three experiments
using these concentrations, it became apparent that 20% ethanol was lethal to the reproductive
worms so therefore was not further explored, however, 15% ethanol had high lethality but still
allowed for some survival (Table 5). Following this, I wanted to determine what the minimal
amount of ethanol would be to cause embryonic lethality, so I performed an experiment using
0% ethanol, 0.005% ethanol, 0.05% ethanol, 0.5% ethanol, and 5% ethanol. The results from this
experiment showed that only 5% ethanol showed any type of difference from the control
exposure, and even that difference was minimal (Table 6). Generally, concentrations were
chosen via an educated guess and trial and error. Through that, I established that the minimal
concentration that I would need to cause a difference in development would be 5% ethanol. From
there I determined that 15% ethanol exposure would be the maximum amount that I could use to
cause an effect to embryonic lethality without immediately causing the adult reproductive worms
to die from my initial experiments. I then proceeded testing different concentrations within that
range, beginning with 0% ethanol, 5% ethanol, 8% ethanol, 10% ethanol, 12% ethanol, and 15%
ethanol. From these experiments, I established that 8% ethanol concentration was similar in
embryonic lethality and brood size to the 5% ethanol concentration, and 10% ethanol
concentration was similar to the 12% ethanol concentration in embryonic lethality and brood
size. Therefore, 8% and 12% ethanol concentrations were chosen as ideal concentrations to
produce affected embryos without causing too much damage to recover. From there, I did
repeated counts of embryos being produced and their survival after being laid to establish what
would be the ideal concentration to image for developmental studies. I concluded that 12%
ethanol would be the most ideal concentration because at that concentration, about 1 in 2
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embryos were affected by the ethanol (Table 7). After establishing which concentration to use, I
had to determine what the ideal time frame for incubation would be. I used four different time
frames, varying the concentrations slightly at the same time. I started with 4 hours incubation
using 12% ethanol, in order to set a baseline that was the same as what I had been doing for the
embryonic lethality and brood size studies. After that, I did trials doing 12% ethanol incubation
for 2 hours, 12% ethanol incubation for 3 hours, 13% ethanol incubation for 3 hours, and 15%
ethanol incubation for 1 hour. For the 2 hour 12% ethanol, 3 hour 12% ethanol and 3 hour 13%
ethanol, there was a very low number of affected embryos, and survival was high. In the 15%
ethanol for 1 hour trial, the adult worms did not recover enough to produce embryos, even at
such a short time point (data not shown). Therefore, I settled on 12% ethanol concentration with
a 4 hour incubation time.
Table 5: Preliminary study 1; the effect of increasing concentrations on embryonic lethality: The starting point for determining
concentration to use. 15% and 20% ethanol concentrations appeared to be too high, while anything lower than 5% ethanol
appeared to be too little.

Concentration of

Adults on plate

Ethanol (in %)

Embryos (approximate

L1 worms (approximate

counts)

counts)

0%

4

51

37

0.005%

8

132

11

0.05%

2

23

17

0.5%

6

86

19

5%

11

146

19

10%

2

15

3

15%

2

None

None

20%

2

None

None
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Table 6: Preliminary Study 2: Concentration Studies Using Concentrations Between 0% Ethanol and 15% Ethanol: A
secondary study to identify concentrations using average of 2 trials with rounding to the nearest whole number. 5% Ethanol and
8% Ethanol concentrations appear to have similar results. 12% Ethanol and 10% Ethanol appear to have similar results.

Concentration of

Average number of

Average number of L1

Embryonic

Ethanol (in %)

Embryos

worms (approximate)

Lethality (in %)

(approximate)
0%

0

75

0.0%

5%

5

38

11.6%

8%

6

38

13.6%

10%

15

9

62.5%

12%

20

1

95.2%

15%

13

0

100.0%

Ethanol Exposure Affects Brood Size in C. elegans
In order to determine the effect of Ethanol exposure on C. elegans reproduction brood
size was studied. Brood size is a measure of offspring at one given time point and was analyzed
to determine if reproduction was affected. Brood size was measured by taking the average
number of embryos laid during a defined period of time at specific ethanol concentrations with a
specific number of worms, in this case 5 adult worms. This experiment was repeated in triplicate
and averages brood sizes were then plotted using GraphPad Prism with error bars showing
standard deviation for each Ethanol concentration (Figure 7). At concentration 0% Ethanol in M9
buffer, the average number of embryos laid by the worms was 94, with a standard deviation of 
29.309. At a concentration of 8% ethanol in M9 buffer, the average number of embryos laid by
the worms was 54.7, with a standard deviation of  13.317. At concentration 12% ethanol in M9
buffer, the average number of embryos laid by the worms was 26.7, with a standard deviation of
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 17.502. At concentration 15% ethanol in M9 buffer, the average number of embryos laid by
worms was 3.7, with a standard deviation of  2.08. Using a one-way ANOVA on GraphPad
Prism 9, the p value was calculated as 0.0017, and therefore p < 0.05, meaning there is a
statistical difference between the data. These data suggest that ethanol exposure effects the
number of embryos developed and laid by reproductive worms in C. elegans because higher
ethanol concentrations result in decrease brood size.

Figure 7: Ethanol Decreases Brood Size in C. elegans:.
This figure shows that upon an increase in ethanol
concentration, there is a decrease in the average
brood size. 0% Ethanol in M9 buffer: 94 ± 29.31. 8%
Ethanol in M9 buffer: 54.67 ± 13.32. 12% Ethanol in
M9 buffer: 26.67 ± 17.50. 15% Ethanol in M9 buffer:
3.667 ± 2.082. n = 3. One-way ANVOA P = 0.0017

Ethanol Exposure Affects Embryonic Lethality in C. elegans
In order to determine whether embryonic development was impacted by ethanol and
increased ethanol exposure, embryonic lethality was measured. To measure embryonic lethality,
the total number of larvae and embryos were counted. The embryos were laid by reproductive
worms exposed for 4 hours to different Ethanol concentrations. After the worms were allowed to
lay embryos overnight, they were removed from the plate and the embryos and total number of
larvae were counted. At that time point, all embryos should have hatched if they were alive, so
all remaining unhatched embryos can be presumed to be dead. After counting the remaining
embryos and the number of larvae, the lethality percentage was calculated by adding the number
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of embryos and larvae for each concentration together, and then dividing the remaining number
of embryos by that total number. This would result in the ratio of embryos dead to total number
laid. Multiply this by 100 gave a percent, and the 3 trials were averaged to get an average percent
lethality for each concentration of ethanol (Figure 8). The average percent embryonic lethality
for the 0% ethanol in M9 buffer was 0.14%, with a standard deviation of  0.243%. The average
percent embryonic lethality for the 8% ethanol in M9 buffer was 14.42%, with a standard
deviation of  12.88%. The average percent embryonic lethality for the 12% ethanol in M9
buffer was 44.15%, with a standard deviation of  27.76%. The average percent embryonic
lethality for the 15% ethanol in M9 buffer was  68.06%, with a standard deviation of 6.36%.
Using a one-way ANOVA on GraphPad Prism 9, the p value was 0.0029, therefore p < 0.05, and
the difference between the data is significant. These data suggest that the higher the
concentration of ethanol, the higher the percent of embryos that do not survive.

Figure 8: Ethanol Increases Embryonic Lethality in
C. elegans This figure shows that upon an increase
in ethanol concentration, the average percent of
embryos that did not survive to hatching
increased. 0% Ethanol in M9 buffer: 0.14% ±
0.243%. 8% Ethanol in M9 buffer: 14.42% ±
12.88%. 12% Ethanol in M9 buffer: 44.15% ±
27.76%. 15% Ethanol in M9 buffer: 68.06% ±
6.36%. n=3. One-way ANOVA results in a p value
of 0.0029.
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Table 7: Average Number of Embryos and Larvae per Concentration

Concentration of
Ethanol

Number of
Adults

Average
Remaining
Embryos

Average Larvae
Present

N=

0%

5

0.33

186.33

3

8%

5

9.33

85.33

3

12%

5

12.00

14.67

3

15%

5

3.33

1.67

3

Table 8: Percentages of Embryonic Lethality. The data of embryonic lethality for the three separate trials of experimental
embryos.

Concentration Trial 1

Trial 2

Trial 3

of Ethanol

Average
Embryonic
Lethality

Control

0.42

0.00

0.00

0.14

8% Ethanol

29.03

4.71

9.52

14.42

12% Ethanol

25.00

31.57

75.86

44.15

15% Ethanol

62.50

75.00

66.67

68.06

Effect of Ethanol on Embryo Development
In order to determine what the impact of ethanol was on the cellular movements in the
embryos, imaging over a two-hour time point was performed, and if possible images of the
embryo the following day was taken. The imaging data collected showed that with 12% ethanol
concentrations, only at a four-hour exposure time frame were possible developmental differences
between the control and the experimental embryos, which seemed to effect stages between the 2-
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fold and 3-fold stages. At 3-hour exposure and 2-hour exposure time points, there was less
difference between the controls and the experimental embryos at the set time points, and both
developed and hatched the following day.

Figure 9: Ethanol Impacts the Later Stages of Embryonic Development in C. elegans: Imaging depicting the comparison
between embryos exposed to 12% Ethanol for 2 hours after recovering overnight and control embryos and 12% ethanol for 4
hours after recovering overnight and control embryos. Controls and 2-hour exposed experimental embryos are fully grown
larvae ready to hatch by the next day. However, when embryos were exposed for 4 hours, there was less development.
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Figure 10: Ethanol Impacts the Later Stages of Embryonic Development in C. elegans (with image editing to show individual
cells): Imaging depicting the comparison between embryos exposed to 12% Ethanol for 2 hours after recovering overnight and
control embryos and 12% ethanol for 4 hours after recovering overnight and control embryos. Controls and 2-hour exposed
experimental embryos are fully grown larvae ready to hatch by the next day. However, when embryos were exposed for 4 hours,
there was less development. Each cell circled in red is an individual cell. In the initial time point, there are four cells in each
embryos. The yellow lines show the outlines of the embryos in the egg.

In the 13% ethanol concentration, two hours was also not a long enough time frame to
affect the embryos, despite the higher concentration, and these embryos had no discernable
difference in their development from the controls and hatched normally the following day.
In the 15% ethanol concentrations, only a 1 hour time frame was enough that it was lethal on the
adult worms, and they did not recover enough to produce embryos to do imaging with (Table 9).
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Table 9: Effect of Exposure Time and Concentration on C. elegans: A table given a descriptive explanation for the developmental
changes in the exposed embryos at 12% ethanol at 2 hour, 3 hour, and 4 hour exposure times, 13% ethanol at 2 hour exposure,
and 15% ethanol at 1 hour exposure.

Ethanol
Concentration (%)

Time Exposure

12%

2 hours

Embryos present
in recovered
worms?
Yes

12%

3 hours

Yes

12%

4 hours

Yes

13%

2 hours

Yes

15%

1 hour

No

Notes about
development

N=

Developed like
the control
Developed like
the control
Developmental
changes
Developed like
the control
No embryos to
image

3
2
5
2
2

In the 12% ethanol concentration for four hours exposure, the embryo appeared to
develop slower than the control embryo, and the embryo overall appeared smaller than the
control. At a certain point around elongation, the cells ceased division, and development
arrested. Around 50% of embryos exposed showed this phenotype.
The Effect of Ethanol on Gastrulation in C. elegans
Gastrulation was important to investigate because this is a period of development in
which cellular movements and cell division are easily seen. This is also a period of development
in which cellular movements are most like cellular movements and internalization seen in neural
tube development. After adult worms were exposed to 12% ethanol for four hours, development
of 3 embryos was analyzed and the early processes of cell division appeared normal. Figure 11
shows images taken every 10 minutes from a start point of approximately 12 cells. Each time
point on the figure appears to have the same number of cells between the 4 embryos and at the
end of the 30 minutes, the cells were clearly still increasing in number which indicates that cell
division is continuing.
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Figure 11: Ethanol exposure and early C. elegans development: Imaging of 3 experimental embryos and a control embryo
undergoing gastrulation at 10 minute time points.

Since gastrulation in C. elegans begins with the internalization of the endodermal cells, we
wanted to carefully analyze this process. In normal C. elegans development, the endoderm cells
internalize by apical constriction and once inside the embryo, the two endodermal cells will
divide. Upon close analysis of endoderm cell movements at 2-minute time intervals, we
specifically watched the E cells divide into their respective four cells (Figure 11). The E cells are
pseudo-colored in yellow. The red arrows show fully encircled E cells undergoing cell division.
The blue arrow shows the E cells still partially exposed on the outside of the embryo undergoing
cell division, which is not supposed to occur until they are internalized. Of the 3 embryos
analyzed, 2 showed a subtle defect in E cell internalization. While these data suggest that there
may be defects in apical constriction, we will need more embryos to analyze and to determine if
the embryos with slight gastrulation defects develop past the 2-3 fold stage. We hypothesize that
these E cells are able to eventually internalize because endodermal specification appears normal
(see below).
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Figure 12: Ethanol Minimally Affects the Internalization of E Cells in C. elegans: Pseudo-colored E cells, colored yellow,
showing their internalization and division during 8 specific minutes of gastrulation. The red arrow shows fully encircled E cells
undergoing cell division and blue arrows show E cells undergoing cell division before being fully internalized.

Effect of Ethanol on Endodermal Differentiation in C. elegans
Identifying whether endodermal differentiation was successful is important because the
defects in the endoderm cell internalization could suggest cell fate was disrupted. This was done
by performing the same concentration and time of ethanol exposure that was done for
gastrulation studies, by exposing embryos to 12% ethanol for 4 hours, and then imaging was
done using fluorescence setting on a compound microscope. The elt-2::GFP endodermal reporter
was used to mark the endoderm of the embryo during development. Image analysis suggest that
in both controls and ethanol treated embryos, there is internalization of endodermal cells. The
kidney bean shaped fluorescence shows the endodermal tissue in the bean stage of development,
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while the “U shaped” fluorescence shows the endodermal tissue in the elongation stage of
development, following along the curvature of the elongating body.

Figure 13: Endoderm (Intestinal) Specification is Not Affected Under Ethanol Exposure: The elt-2::GFP endodermal reporter
was used to mark the endoderm of the embryo during development. In these embryos, which are at the bean stage and
elongation stages, the fluorescence shows cells that will give rise to the intestine. This image shows that between the control
and experimental embryos, the development of the endoderm is not impacted by ethanol exposure.
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Discussion
Zebrafish Lack of Reproduction
The likely reasoning for the lack of eggs laid and lack of fertilization in the Zebrafish is
likely due to stress from being moved from one room to another. The Zebrafish habitat was
moved to another room, and the stress caused to the Zebrafish from this move likely caused them
to not reproduce as they ordinarily would. Another potential reason for this is too cold of a
temperature in the room that the Zebrafish were housed in. Zebrafish are tropical fish and being
in too cold an environment would decrease their reproduction. Ideally this experiment would
have directly shown the impact of a different folic acid inhibitor on the neural tube, and images
would have shown the neural tube directly. However, without fertilized eggs, this experimental
procedure was made impossible.
Brood Size Decreases with Increase in Ethanol Concentration
The brood size for each concentration steadily decreased until at 15% ethanol there were
almost no embryos laid by the exposed worms. While we do not know the reasons of decreased
brood size, some hypotheses are that fecundity is decreased and the amount of egg laying is
decreased (Davis et al, 2008; McIntire, 2010). We hypothesize that due to these reasons, fewer
embryos are laid. 15% ethanol concentration worms are affected to such an extent that they
almost exclusively laid the embryos they had produced at the time of exposure, but do not
recover to produce any more embryos. At 12% ethanol concentration, the reproductive worms
recovered, but there was a reduced number of embryos of an approximately 72% decrease in
embryos from the control to the 12% ethanol concentration. At 8% ethanol concentration, there
was a decrease in the brood size, but less so than in the 12% ethanol concentration, showing a
decrease of about 42% compared to the controls.
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A study by McIntire about the effect of ethanol on C. elegans tell us that ethanol
decreases the amount of egg laying with increasing concentration, and that past 400-500 mM of
ethanol, the worms ability to lay eggs is completely inhibited (McIntire, 2010). Another study by
Davis et al., showed that the fecundity of adult reproductive worms was decreased upon the
exposure of ethanol (Davis et al., 2008). This supports the results found in this study, that the
brood sizes of the reproductive worms would decrease with an increase in ethanol concentration.
The likely explanation for these results is that there was a combination of the two: a decrease in
fecundity and a decrease in the ability to lays eggs.
We can conclude that worms with acute exposure to ethanol produce fewer embryos than
controls, dependent on the concentration of ethanol used. This is vital to understand for this
study, because it is important to know that ethanol is having a negative effect on the
reproductivity of the worms.
Embryonic Lethality Increases with Increased Concentration
The embryonic lethality for each concentration increased for each concentration, but
there was a large expanse of variability in the lethality for the 8% and 12% ethanol
concentrations. The 8% and 12% ethanol concentrations overlap, and in certain runs of the
experiment, the lethality for the 8% ethanol concentration was higher than the lethality for the
12% ethanol concentration. This is likely due to how many of the reproductive worms were
affected in the exposure to the ethanol and to what degree they were affected. As with humans,
there is variability in expressivity of phenotype with teratogen exposure (Louden et al, 2020).
The takeaway from this set of data is that there is an increase in lethality of the embryos from the
controls to the experimental groups, and that the highest concentration has the highest embryonic
lethality. Studies suggest that upon the introduction of ethanol, several important cellular
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functions are affected because of a decrease in folates in the embryo, and due to an overall
change in gene expression in the cell of the embryo (Grewal et al, 2008). Some studies suggest
that ethanol exposure leads to a decrease or absence of polyamines in the fetal brain, and
polyamines are vital to DNA synthesis. These embryos with a decrease or absence of polyamines
showed decreased numbers of cells around the neural plate, so in C. elegans, this would likely
present as fewer overall cells, and at this stage in the study, in embryonic lethality (Poodeh et al,
2014). Other studies suggest that ethanol exposure leads to a decrease in folic acid metabolism
and therefore, defects in cell migration, cell proliferation, and an increase in apoptosis (Arrone et
al, 2008; Becker et al, 1996; Grewal et al, 2008; Poodeh et al, 2014;). Again, at this stage in the
study this would present as embryonic lethality. From these results we can conclude that the
presence of ethanol can have a lethal embryonic effect and that an increase in the concentration
of ethanol increases the lethality in these embryos. This verifies that ethanol does have an impact
on the ability of an embryo to develop normally and is vital to ensuring there will be an impact in
further experimental trials.
Developmental Effect in Ethanol Exposed Embryos
The images collected in this study showed a subtle difference between embryos from
worms that were incubated in 12% ethanol for 4 hours and the control embryos. Several trials
had to be done to ensure that the embryos being imaged were affected and that there was a
difference between embryos affected and unaffected.
One of the main phenotypes in the ethanol treated C. elegans are that a little under half
the worms stopped development at the elongation stages, which could be due to a defect in cell
division. Studies show that in other animal model systems, cells are fewer around the neural
plate in ethanol treated than in control animals (Becker et al, 1996).
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We did not analyze cell apoptosis in this study, but this is a likely future study to
understand why the ethanol treated embryos cease development. Other studies have noted that
increased cell death occurs in animal models treated with ethanol compared to controls (Becker
et al, 1996). If apoptosis is affected, then there could be an upregulation in the genes responsible
for apoptosis.
These data suggests that in C. elegans, in the presence of ethanol, there may be a subtle
defect to cell migration and cell proliferation. Whether or not this is due to folic acid deficiency
or due to another mechanism is still unknown, but the inability for affected embryos to develop
in the presence of some concentrations of ethanol suggests that ethanol can cause cellular
defects. The translation of this into human models is difficult since dosages are very different in
humans than in animal models, but regardless of the differences it suggests that at a certain
threshold, cellular movements and cell proliferation may be impacted by the presence of ethanol
and could be causing defects in cell migration and proliferation as is seen in neural tube defects.
Gastrulation in C. elegans Embryos may be Affected by Ethanol Exposure
By carefully analyzing cell movements during gastrulation, we provide some evidence
that cell internalization may be delayed. Figure 11 shows the starting point of the internalization
of the E cells, which are the first cells to internalize and form endodermal tissue. Images are
shown every two minutes, and two of the three experimental embryos show that the two E cells
begin dividing before they are fully internalized. The image shows that there is a small gap still
exposing the E cells as they are going through cell divisions. This is not correct in how C.
elegans develop, as E cells are normally fully internalized and are fully surrounded by other cells
before they begin cell divisions. This shows that there may be a potential issue in the apical
constriction needed to internalize these cells, even if it is not enough of a defect to prevent the
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internalization of those cells. Regardless of this defect in apical constriction, these data show that
the cause of the embryonic death does not occur in gastrulation as we have shown that in ethanol
exposed embryos, embryos typically arrest at the 2-3 fold stage.
Endodermal Differentiation is Not Affected in Ethanol Exposed Embryos
By analyzing the GFP fluorescence in the endodermal marker elt-2, I had the ability to
view whether or not the endodermal tissues were forming and differentiating in experimental
embryos. Figure 12 shows the comparison between two control embryos and two experimental
embryos. One of the embryos for both the control and the experimental were at the bean stage in
development, while the second was at the elongation stage of development. Both the
experimental and control embryo at the bean stage show the same internalized shape of the
endodermal tissue, suggesting that at this stage the endodermal tissue was internalized and
differentiated correctly in the experimental embryos. At the elongation stage of development,
both the experimental and the control show a similar U shaped internalized endothelium, that
follows along the curvature of the elongating embryo. This shows that the tissues are
differentiating into endoderm normally, and that this is not the cause of the death of the embryos.
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Conclusion:
Studying the effects of teratogens, like ethanol, on fetal development is difficult, as it is
difficult to monitor early stages of human development, and obtain factual information about
levels of ethanol consumed during early stages of pregnancy (Grewel et al, 2008). Using animal
models is significantly easier and using C. elegans is an effective model system for looking at
cellular movements and internalization because of their translucent nature, large clutch sizes, and
the low number of cells in the overall organism. In identifying whether ethanol had an impact on
the development of C. elegans, embryonic lethality and brood sizes were important to observe,
and they confirmed that ethanol have a negative impact on brood size and promotes embryonic
lethality. In viewing cellular changes in the embryos after exposure, it became clear that
developmental changes were dose dependent, and in this study a 12% ethanol concentration over
4 hours of incubation was ideal for imaging. Imaging showed that ethanol caused an arrest in
embryonic development around the elongation stage of development. It also showed that there
are some defects in internalization of the E cells at the beginning of gastrulation which could be
due to defects in apical constriction. The elt-2::GFP analysis suggest the endoderm did
internalize and differentiate.
Future Directions:
To further this experiment, it may be important to track cell movements more carefully
by the endoderm cells to determine the effects to gastrulation in the ethanol exposed embryos. It
will also be important to determine if the embryos with the subtle gastrulation defects survive or
if this is the group that fails to develop past elongation stages. It would also be helpful to use
cell markers to track cell movement of different cell fates.

52
Another direction would be to study the impacts of acute ethanol exposure versus chronic
ethanol exposure, and whether directly ingesting ethanol through a food source would be more
effective on the model system. This would be potentially telling in studying cellular movements
and through examining gene expression, because it is still unclear whether or not chronic versus
acute exposure changes the outcome in humans and neural tube defects.
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